In the elasto-plastic constitutive model, bulk modulus is one of the most important parameters to control the change of effective stress under undrained condition. However, the experimental research on bulk modulus of sand during liquefaction has not been conducted so far. In this paper, therefore, the bulk modulus of Toyoura sand was measured directly during liquefaction using a hollow cylindrical torsional shear testing device equipped with a volumetric strain control device. This study found that the bulk modulus corrected by membrane penetration effect during liquefaction process is constant under relatively high confining pressure, and that the stress dependency of bulk modulus during liquefaction process is different from that during swelling process.
INTRODUCTION
The bulk modulus K is one of the most important parameters, which control the change of excess pore pressure, in the simulation of liquefaction using effective stress analysis method. Conventionally, the bulk modulus has been estimated by several different methods corresponding with constitutive models. Typically, the bulk modulus can be estimated from the swelling index for clay, and from shear modulus G and Poisson's ratio ν for sand. However, there is no experimental justification of the use of bulk modulus thus determined liquefaction process under cyclic shear loading.
Most of the researches on shear modulus have been conducted without cyclic shear loading, i.e., initial state. Iwasaki and Tatsuoka 1) obtained a relationship between initial void ratio and mean effective stress of sand. Kawakami et al. 2) measured shear modulus of Toyoura sand during liquefaction by triaxial tests.
There is no detailed research on the volumetric deformation of sand in contrast to clay. This is because the volumetric deformation of sand is considerably small, and does not cause serious engineering problems except under high confining pressures related to particle breakage. Pradhan et al. 3) and Sako et al. 4) measured bulk modulus of sand experimentally at the initial state using Toyoura sand and undisturbed sand specimens obtained from the field respectively. These researches have provided precious experimental data for a setup of the initial value of bulk modulus for the cyclic elasto-plastic constitutive models in the effective analysis. Uehara et al. 5) and Sento et al. 6) conducted experimental researches on the coefficient of volume compressibility of sand during reconsolidation process after liquefaction. However, there is almost no research conducted on bulk modulus during liquefaction, and the elasto-plastic constitutive model of sand has been based on empirical assumptions in general as above mentioned.
In this study, bulk modulus and shear modulus of Toyoura sand under cyclic shear strain history was measured directly using a hollow cylindrical tor-150s sional shear testing device equipped with a volumetric strain control device. As a result, a relationship between bulk modulus and confining pressure was obtained with respect to liquefaction process, swelling process and reconsolidation process. Furthermore, simulations were carried out using elasto-plastic constitutive model with the bulk modulus obtained by laboratory tests to numerically reproduce the liquefaction behavior.
SCOPE OF STUDY
To find the dependency of bulk modulus on effective confining stress during liquefaction, laboratory experiments were conducted using a hollow cylindrical torsional shear testing device equipped with the volumetric strain control device.
(1) Experimental equipment Fig.1 shows the schematic diagram of the experimental equipment. It consists of a hollow cylindrical torsional shear testing device, a volumetric strain control device and a data acquisition unit.
The hollow cylindrical torsional shear testing device consists of a torsional loading frame and a triaxial compression chamber. A pneumatic loading cylinder and a stepping motor are employed to develop torque and vertical loading to the specimen.
Shear stress τ (kPa) and shear strain γ (%) are calculated by using Eqs. (1) and (2),
where θ is the angle of rotation (rad), o r is the outer diameter (cm), i r is the inner diameter (cm), H is the height of specimen (cm), and T is the amplitude of driving torque (N⋅cm).
Especially, in this study, it is necessary to control the infinitesimal volumetric strain of the specimen in order to measure the changes of bulk modulus during liquefaction. Therefore, the volumetric strain control device (VSCD) was introduced to obtain the precise volumetric strain. This device performs loading and unloading of infinitesimal volumetric strain through drainage or injection of pore water into the specimen, respectively. It consists of a pressure chamber, a precision position table, a piston and a stepping motor. The injection or the drainage of pore water is performed through a piston which is moved forward or backward by rotation of the stepping motor. Diameter and stroke of piston is 2cm and 22.5cm respectively. The resolution of the stepping motor is 0.0368/pulse, and the lead length of the precision position table is 2mm. Thus, the resolution of VSCD is 6.3x10 -5 cm 3 /pulse. Therefore, this device can be used to control the infinitesimal strain, and to measure bulk modulus and shear modulus during liquefaction process. Furthermore, because physical quantities were generally obtained by infinitesimal voltage supplies from transducers, measured shear strain was subjected to electronic noise during amplification and A/D converting process. In this study, therefore, a laser encoder was used to reduce the influence of electronic noise. The laser encoder generated one pulse if contact-ring rotated the minimum resolution angle, and physical quantities were obtained from the number of pulses. Since the electric noise was not counted, the high accuracy was achieved in measured value of shear modulus.
(2) Preparation of specimen
The physical properties of Toyoura sand are the mean grain size of 0.4mm, the specific gravity of 2.64 and the fines content of 0%. The maximum and minimum void ratios are 0.967 and 0.596 respectively. The outer and the inner diameters of the specimen in hollow cylindrical torsional shear test are 10cm and 6cm respectively. Tested specimens were prepared by air pluviation method to get the target relative densities of 35, 65 and 85%.
(3) Shear strain history
Initial effective confining stress was set to 100 kPa, and loading was carried out in a strain controlled manner under undrained condition. The strain amplitude was then gradually increased by 5 steps as shown in Fig.2 . The single amplitude of triangular wave was maintained as 0.1% (5 cycles), 0.2% (5 cycles), 0.5% (3 cycles), 1% (3 cycles), 2% (3 cycles) and 5% (1 cycles) in 5 steps respectively. Furthermore, in order to verify the data reproducibility, experiments were repeated at least twice.
EXPERIMENTAL PROCEDURES
After preliminary consolidation under 20 kPa, the specimen was saturated by circulating CO 2 and de-aired water with the backpressure of 200 kPa.
Firstly, the specimen was consolidated under 100 kPa of effective confining stress and the bottom of the specimen was connected to VSCD. At this time, the volume of drained pore water and the axial strain were measured at every 10kPa of pressure increment. Thereinafter, loading -unloading tests were carried out in the order of isotropic swelling and consolidation process, undrained cyclic shear process, and finally, drained reconsolidation process after liquefaction. Although bulk modulus during liquefaction, i.e., cyclic shear process, is of a major interest in this study, it was measured in both swelling process and reconsolidation processes after cyclic shear, to compare moduli before and after liquefaction.
The measurement of bulk modulus and shear modulus in cyclic shear process was carried out at the six different points, namely, 2 turning points of loading and unloading (A), 2 points where shear stress becomes zero (B) and 2 points where shear strain becomes zero (C) as shown in Fig.3 .
Bulk modulus and shear modulus were calculated using Eqs. (3) and (4), respectively, bulk modulus
where m σ ′ is mean effective stress, v ε is volumetric strain, τ is shear stress, and γ is shear strain. Δ means the value of increment. (1) Swelling and consolidation process As shown in Fig.4 , swelling process was conducted by the injection of pore water using VSCD with the strain rate of 0.05%/min until effective confining stress reached 10kPa. After that, the specimen was consolidated isotropically and the effective confining stress was increased again to 100kPa.
(2) Cyclic shear process As illustrated in Fig.2 , cyclic shear strain history was applied to the specimen, and infinitesimal loading and unloading were carried out in order to calculate bulk modulus and shear modulus successively during cyclic shear process. Firstly, the loading and unloading of volumetric strain was performed with the single amplitude of 0.0063% and strain rate of 0.6%/min using VSCD. In addition, the loading and unloading of shear strain was performed with the single amplitude of 0.005% ( γ Δ =2.5×10 -4 %) and strain rate of 6.9%/min. The time-dependent behavior of sand and nonhomogeneous state of stress and strain in the specimen were neglected, since the permeability of sand was large enough as compared with the strain rate.
(3) Reconsolidation process after cyclic shear After cyclic shear process, reconsolidation was carried out with the strain rate of 0.05%/min until effective confining stress reached 100kPa using VSCD. During this process, bulk modulus was estimated in the same way of previous process.
EXPERIMENTAL RESULTS
In this research, at least two experiments were conducted for each relative density as described above. Fig.5 depicts the relationship between bulk and shear moduli and the mean effective stress in the cyclic shear process of two experiments, in order to verify the data reproducibility of the experiments.
Although there are variations in the absolute value, the stress dependency of bulk modulus shows similar tendency for each case. Therefore, data reproducibility of experiments can be ensured.
(1) Stress-strain behavior
The relationship between shear stress and shear strain and effective stress paths of each case are shown in Fig.6 . It can be found in these figures that 153s the shear stiffness of sand decreases with the cyclic shear loading. Fig.6(b) illustrates the effective stress paths of each case. In these figures, the infinitesimal changes of shear stress can be identified, and these points are the measuring points of bulk modulus and shear modulus. In the case of relative density of 65% and 85%, the cyclic mobility with the shear stress re- (2) Bulk modulus Bulk moduli obtained at 3 types of measuring points (A, B, and C in Fig.3) are not exactly same. The change of effective stress at point A and C becomes small, because the volumetric strain is absorbed by the dilatancy under the shear loading state. Therefore, it is better to evaluate bulk modulus with the measured data at point B, which is hardly influenced by the dilatancy.
Furthermore, the MP (membrane penetration) effect has been corrected by many researches (Koseki et al. The bulk modulus, which was corrected for the MP effects, become substantially larger than the one before correction as shown in Fig.7 . This is because the denominator of bulk modulus, i.e., the volumetric strain, becomes smaller than the measured value after the correction of MP effect. The increment of true volumetric strain decreases as the effective confining stress decreases, due to constant single amplitude volumetric strain of 0.0063%. Therefore, it is difficult to evaluate the bulk modulus accurately due to large MP effects under low confining pressure. We need further research to establish a proper correction equation, and the improvement of testing device is also required to measure the increment of effective stress with high accuracy under low confining pressure state. Fig.8 depicts the relationship between bulk modulus and mean effective stress in swelling process, cyclic shear process, and reconsolidation process. Different tendencies in dependency of bulk modulus on confining pressure are shown in cyclic shear and reconsolidation process as compared with the swelling process. This clearly implies that de- pendency of bulk modulus on confining pressure is affected by the cyclic shear history. The cyclic shear history might change the structure of soil skeleton. Therefore, it was considered that bulk modulus in cyclic shear and reconsolidation process after the change of the skeleton structure show similar tendencies. Further investigation is needed about the change of the microscopic structure during liquefaction, which made the bulk modulus greater than in swelling process. Fig.9 illustrates the relationship between mean effective stress and bulk modulus during liquefaction process. Despite of no clear difference in bulk modulus with respect to relative density of 35% and 65%, bulk modulus in case of relative density of 85%, is somewhat higher. Thus, it can be concluded that dependency of effective stress becomes large when the relative density increases. 
Although shear modulus largely depends on relative density, the effective stress-dependency of shear modulus does not depend on the relative density. Shear modulus is approximately proportional to power of 0.6 the effective confining pressure.
INFLUENCE OF BULK MODULUS ON ELASTO-PLASTIC CONSTITUTIVE MODEL (1) Bulk modulus in elasto-plastic constitutive model
Conventionally, bulk modulus has been estimated by several different methods according to the constitutive models. Determination of bulk modulus using swelling index κ is often used in constitutive models for clay. In this method, a linear relationship between e versus log m σ ′ is assumed in the swelling process. This implies the bulk modulus is proportional to the mean effective stress as shown in Eq. (9). On the other hand, in case of sand, bulk modulus is calculated by the Eq. (10) with shear modulus G and Poisson's ratioν . Because shear modulus is proportional to about power of 0.4 the mean effective stress 1) , the bulk modulus is also proportional to about power of 0.4 the mean effective stress. 
where, κ is swelling index.
( )
where e is void ratio, κ is swelling index, ν is Poisson's ratio, max G is the maximum shear modulus, ( ) f e is the function of void ratio and A and n are material coefficients. Although bulk modulus has an important role in the constitutive model used in liquefaction analysis, these two types of methods to estimate the bulk modulus are generally accepted at present. This is because the cyclic behavior of sand obtained by laboratory tests can be expressed by the adjustment of some parameters; for example, dilatancy parameter, hardening parameter and so on 10) . The role of bulk modulus in a conventional elasto -plastic model for sand is described as what follows. Firstly, if the undrained condition (constant volume of skeleton) is assumed during liquefaction, the increment of volumetric strain is given by Eq. (11), (11) and (12) to the relationship between the mean effective stress and elastic volumetric strain, Eq. (13) can be obtained; ' '
In undrained cyclic shear process, bulk modulus is a parameter related to the change in mean effective stress. In addition, the reduction of effective stress becomes large in the case that bulk modulus has a large value under the condition of same dilatancy characteristics. Considering only the influence of bulk modulus as shown in Eq. 
(2) Simulation of liquefaction test
The relationship between bulk modulus and mean confining pressure was obtained from laboratory experiments as mentioned above. Liquefaction test simulation was carried out using cyclic elasto-plastic constitutive model of sand 11) , in order to investigate the influence of confining pressure on bulk modulus.
Two cases were considered in the simulation. 1) In case A, it was assumed that bulk modulus is proportional to the effective stress, that is, Eq. (9) [original model]. 2) In case B, laboratory test results were used; it was assumed that bulk modulus is bilinearly proportional to the confining pressure, and it maintains a constant value of 72000kPa in the range of mean effective stress of 20kPa~98kPa. The material parameters used for the simulation are shown in Table 1 . The detailed descriptions about these parameters are presented in the literature 11) . These parameters were determined on the basis of liquefaction strength of Toyoura sand by Tatsuoka et al.
12) using hollow cylindrical shear testing device under the isotropic consolidation keeping the reference strain as 7.5%-DA and relative density as 65%. , the amount of reduction of effective stress will become large and the stiffness of sand will become small, as illustrated in Eq. (13). Fig.12 depicts the shear stress-shear strain relationships and effective stress paths obtained from the elasto-plastic constitutive model on each case, and such a tendency can be certified from case B with large bulk modulus. Fig.13 shows the liquefaction strength curves for each case, and it is obvious that the liquefaction strength is greater in case A compared with case B.
Especially, the major interest of this study is the influence of the confining pressure-dependency of bulk modulus on the liquefaction behavior in case A and case B. Although there is no clear difference in initial stages of loading, if the effective stress is less than 30kPa, i.e., the effective stress path exceeded the phase transformation line, the difference between two cases are significant. In case B, when the effective stress path approaches near to the origin in Fig.  12 , the shear strain amplitude becomes large under the low effective stress.
The liquefaction strength curve illustrated in Fig.13 implies only the number of cycles to DA=7.5% strain under the condition of constant shear stress, and therefore, the difference between case A and case B is not so large. However, the difference becomes substantial in practical analysis of deformation of structures, for example. Furthermore, dependency of bulk modulus on confining pressure obviously affects the behavior of elasto-plastic constitutive model under the comparatively low effective stress state. It is noteworthy that, further research on the stress-dependency of bulk modulus at low effective stress is necessary.
CONCLUSION
Bulk modulus and shear modulus in liquefaction process were directly measured using Toyoura sand. Consequently, following conclusion were drawn. 1) Different dependency of bulk modulus on confining pressure is shown in cyclic shear and reconsolidation process when compared with that in swelling process. This clearly implies that dependency of bulk modulus on confining pressure is affected by the cyclic shear history. 2) There is no clear difference in bulk modulus with respect to relative density of 35% and 65%. However, in case of relative density of 85%, bulk modulus is somewhat higher when compared with other cases. Thus, it can be concluded that dependency of effective stress becomes large when the relative density increases. 3) Effective stress-dependency of shear modulus is independent of the relative density, despite that shear modulus largely depends on relative density. And, shear modulus is proportional to effective confining pressure's power of approximately 0.6 under the condition of the single amplitude of 0.005%. 4) Dependency of bulk modulus on confining pressure affects the numerical simulation by an elasto-plastic constitutive model in comparatively low effective stress state. Further research on the stress-dependency of bulk modulus at low effective stress region is necessary.
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